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This article reports the controlled size of ZnO nanoparticles synthesized via simple aqueous
chemical  route without the involvement of any capping agent. The effect of different calci-
nation temperatures on the size of the ZnO nanoparticles was investigated. X-ray diffraction
(XRD)  results indicated that all the samples have crystalline wurtzite phase, and peak broad-
ening  analysis was used to evaluate the average crystallite size and lattice strain using
Scherrer’s  equation and Williamson–Hall (W–H) method. Morphology and elemental com-
positions  were investigated using atomic force microscopy (AFM) and scanning electron
microscopy  (SEM) with energy-dispersive X-ray (EDX) spectroscopy. The average crystallite
size  of ZnO nanoparticles estimated from Scherrer’s formula and W–H analysis was  found to
increase with the increase in calcination temperature. These results were in good agreement
with  AFM results. Optical properties were investigated using UV–vis spectroscopy in diffused
reﬂectance  (DR) mode, with a sharp increase in reﬂectivity at 375 nm and the material has a
strong reﬂective characteristic after 420 nm at 500 ◦C calcination temperature. Furthermore,
photoluminescence spectroscopic results revealed intensive ultraviolet (UV) emission with
reduced defect concentrations and a slight shifting in band gap energies with increased cal-
cination  temperature from 200 ◦C to 500 ◦C. This study suggests that the as-prepared ZnO
nanoparticles  with bandgap tunability might be utilized as window layer in optoelectronic
devices.
©  2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. Este é um artigo Open Access sob a licença de CC BY-NC-ND.  Introductionemiconductor nanoparticles have drawn considerable inter-
st  in recent years because of their special properties such
s  large surface-to-volume ratio, special electronic properties
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Este é uand unique optical properties as compared to their bulk coun-
terparts  [1]. The large surface to volume ratio can contribute
to  some of the unique properties of nanoparticles. The oxides
of  transition metals are an important class of semiconductors
[2–5]. Among various semiconducting oxides, zinc oxide (ZnO)
is  a distinctive electronic and photonic wurtzite n-type semi-
conductor  with a direct band gap of 3.37 eV and a high exciton
binding  energy (60 meV) at room temperature [6–10]. The
high  exciton binding energy of ZnO would allow for excitonic
tion. Published by Elsevier Editora Ltda. 
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transitions even at room temperature, which could mean high
radiative recombination efﬁciency for spontaneous emission
as  well as a lower threshold voltage for laser emission [11,12].
The  lack of center of symmetry in wurtzite, combined with a
large electromechanical coupling, results in strong piezoelec-
tric  and pyroelectric properties and hence the use of ZnO in
mechanical  actuators and piezoelectric sensors [13]. ZnO is
a  potential candidate for optoelectronic applications in the
short  wavelength range (green, blue and ultraviolet), infor-
mation  storage, and sensors as it exhibits similar properties
to  GaN [14,15]. ZnO nanoparticles are promising candidates
for  various applications, such as nanogenerators, gas sensors,
solar  cells, photodetectors and photocatalysts [6,13,16–18].
Recently, many  works have been directed to investigate
the optical and electrical properties of ZnO nanomateri-
als, synthesized by different chemical and physical methods
including  vapor condensation, hydrothermal method, solu-
tion  combustion method, sol–gel, etc. [19–22]. Most of these
techniques have not been extensively used on a large scale,
but  chemical synthesis techniques have been widely used
due  to their simplicity and low cost. Chemical route method
is  one of the best methods for synthesizing material with
high  purity, controlled nanostructures and surface properties
[23,24].  These synthesis techniques are attractive for several
reasons:  they are low cost, less hazardous, and thus capable
of  easy scaling up; growth occurs at a relatively low temper-
ature,  compatible with ﬂexible organic substrates; there is no
need for the use of metal catalysts, and thus it can be inte-
grated  with well-developed silicon technologies. In addition,
there  are a variety of parameters that can be tuned, to effec-
tively  control the morphologies and physical properties of
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Fig. 1 – Powder X-ray diffraction patterns of ZnO nanoparticles at
(c) 500 ◦C; (d) shifting in peaks position.. 2 0 1 4;3(4):363–369
the ﬁnal products. Wet  chemical methods have been demon-
strated  as a very powerful and versatile technique for growing
ZnO  nanoparticles.
In  the present work, ZnO nanoparticles have been syn-
thesized via simple aqueous chemical route with controlled
parameters, without the involvement of any capping agent.
A  comparative evaluation of average crystallite size of ZnO
nanoparticles obtained from direct AFM measurements and
powder  X-ray diffraction (XRD) peak broadening is reported.
The  average crystallite size and strain associated with ZnO
samples  due to lattice deformation have also been esti-
mated  through Williamson–Hall method. The morphology
with average diameter and crystallite size of the samples were
investigated  using AFM and SEM, followed by the optical study
using  UV–vis and photoluminescence spectroscopy.
2.  Experimental  details
2.1.  Synthesis  of  ZnO  nanoparticles
For the synthesis of ZnO nanoparticles all chemical reagents
used  in the experiment were of analytical grade [Merck
with  99% purity] without further puriﬁcation. Zinc acetate
dihydrate [Zn(CH3COO)2·2H2O], and 0.3 M sodium hydroxide
(NaOH) were involved in the reaction as precursor material
and  pH controller. Initially [Zn(CH3COO)2·2H2O] was dissolved
in  75 ml  distilled water (DI) under constant stirring for 15 min
at  60 ◦C. In the next step, aqueous solution of NaOH was  added
drop-wise  for 10 min  to the reaction mixture under constant
stirring  until the pH of the solution reached to 8. During that
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Fig. 2 – Williamson–Hall analyses of ZnO nanoparticles
calcined at (a) 200 ◦C, (b) 400 ◦C and (c) 500 ◦C temperaturesj m a t e r r e s t e c h n 
rocess, a white precipitate was  formed in the solution. After
 h, the reaction mixture was  centrifuged to get the precipitate
ut  and washed several times with deionized (DI) water and
thanol.  Finally, nanocrystalline ZnO powders with a milky
hite  color were  obtained after calcination at 200 ◦C, 400 ◦C
nd  500 ◦C for 3 h in mufﬂe furnace.
.2.  Characterizations
owder X-ray diffraction data of the ZnO nanoparticles
as  collected in Bruker D8 Advance X-ray diffractrome-
er. Diffraction peaks were compared with those of the
tandard  compounds reported in the JCPDS ﬁles (80-0075 card
CSD#:  067849). Morphology and elemental compositions were
nvestigated using scanning electron microscopy (SEM, JEOL-
SM-6390,  operating at 10 kV) with energy-dispersive X-ray
EDX)  spectroscopy and atomic force microscopy (AFM) NT-
DT  Solver NEXT. Band gap energies were observed using
V–vis-NIR spectrometer (Perkin Elmer Lambda 950) in dif-
use  reﬂectance mode and emission spectra were observed by
hotoluminescence spectroscopy (F-7000, Hitachi) with exci-
ation  wavelength (ex) = 325 nm using xenon lamp as source
nit  operated at room temperature.
.  Results  and  discussion
.1.  X-ray  diffraction  analysis  of  ZnO  nanoparticles
he effect of different calcination temperatures on the ZnO
anoparticles are shown in Fig. 1. All the peaks were sharp-
ned  at a temperature greater than 200 ◦C, which conﬁrm the
rowth  of crystals at higher calcination temperatures. It is
lear  from Fig. 1 that except hexagonal phase of ZnO no other
hase  was  developed. The recorded X-ray diffraction patterns
ere  compared with the standard ZnO pattern (JCPDS: 80-0075
ard  ICSD#: 067849). ZnO nanoparticles calcined at higher tem-
erature shift in peak positions (1 0 0), (0 0 2) and (1 0 1) towards
he  lower Bragg’s angle as compared to lower calcination tem-
erature.  Fig. 1d illustrates a gradual shifting in peak positions
f  the samples.
The  crystallite size of the ZnO nanoparticles was  calcu-
ated  by the X-ray line broadening method using the Scherrer’s
quation:
 = K
ˇhkl cos 
(1)
here D is the crystallite size,  the Cu K radiation of wave-
ength  (1.5406 A˚),  K the shape factor (0.9), ˇhkl is the full width at
alf  maximum (FWHM) in radian and  is the scattering angle.
rom  the calculations, the average crystallite size of the ZnO
anoparticles was  in the range from 30 nm to 44 nm,  as shown
n  Table 1.
.2.  Williamson–Hall  analysisilliamson–Hall X-ray line broadening analysis provides a
ethod  of ﬁnding an average size of coherently diffracting
omains and strain. Strain induced peak broadening arisesassuming UDM plot.
due to crystal imperfection; and distortion, which had been
calculated  using the relation:
ε = ˇhkl
4 tan 
(2)
To estimate microstrain from the X-ray diffraction pattern
Williamson and Hall [25] proposed a modiﬁed Scherrer’s for-
mula  as:
ˇhkl cos  =
K
D
+ 4ε sin  (3)
Eq. (3) represents the linear plot of ˇhkl cos  against 4 sin 
for  the samples calcined at 200 ◦C, 400 ◦C and 500 ◦C temper-
atures displayed in Fig. 2. The slope of the plots provides the
values  of strain (ε) which are 0.0078, 0.0054 and 0.0039 respec-
tively.  The results were  reasonable with the crystallite sizes
obtained  from the XRD (Scherrer’s formula) where small ε give
rise  to large crystallite size. Large ε caused small crystallite
size  associated with small grain size. It was observed from the
calculations  that with the increase in calcination temperature
from  200 ◦C to 500 ◦C, the strain associated with the samples
decreased with a gradual increase in crystallite size, as shown
in  Table 1.
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Table 1 – Comparison of the geometric parameters of ZnO nanoparticles obtained from Scherrer’s formula, W–H  analysis
and AFM results.
Sample Calcination temperature (◦C) Average crystallite size, D (nm)
Scherrer’s D (nm) Williamson–Hall analysis AFM analysis (nm)
D (nm) ε
a 200 30 49 0.0078 28
b  400 41 
c 500 44 
3.3.  Morphological  analysis
Surface morphology was  determined through AFM and cor-
responding  SEM images of the samples, as shown in Fig. 3
and  Fig. 4a. From the AFM images, the crystallite size of the
samples  was  found in nanometer range. As the calcination
temperature increased from 200 ◦C to 500 ◦C, the crystallite
sizes  increased from 28 nm to 44 nm.  With the increase in
the  calcination temperature, the nucleation rate of the par-
ticles  increased more  rapidly. This is due to the increase
in  supersaturation of the reaction products, which acceler-
ated  the crystal core forming reaction within a short time.
Under  these conditions, the controlling step of the reaction
is  transferred from grain growth to crystal nucleus formation.
With  the temperature continuing to rise, the phenomenon of
“nuclear-aggregation” caused by the rapid formation of crys-
tal  nucleus is obvious, which results in aggregation among the
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(a)  200 ◦C, (b) 400 ◦C and (c) 500 ◦C.68 0.0054 39
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crystal  nucleus. The rate of particle aggregation is a major fac-
tor  that controls the morphology and structure (crystalline) of
the  ﬁnal products. It was  determined that larger grain samples
were  inherently more  rough due to the increased differences
in  height (Z range) at their boundaries as compared to the
smaller  grains. However, the morphologies were quite simi-
lar  in all cases. A similar conclusion can be drawn from the
SEM  observation. It was  found that the morphology markedly
depend  on the process parameters.
Table 1 summarizes the geometric parameters of ZnO
nanoparticles obtained from Scherrer’s formula, W–H  anal-
ysis,  and AFM results. By comparing the values of average
crystallite size obtained from W–H  analysis, it was  found
that,  the inclusion of strain has a very small effect on the
average  crystallite size of ZnO nanoparticles. However, the
average  crystallite size obtained from Scherrer’s formula and
W–H  analysis showed a small variation; this variation was
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The  elemental compositions of the ZnO nanoparticles were
bserved  using energy dispersive X-ray spectroscopy. The EDX
ata show almost the same peaks for all samples. Fig. 4b rep-
esents  EDX patterns which indicate that the as prepared ZnO
anoparticles  were  composed of only Zn and O. No evidence
f  other impurities was  found and the ZnO nanoparticles were
early  stoichiometric. This observation was  in good agree-
ent  with XRD results, which conﬁrmed the phase purity of
nO  nanoparticles.
.4.  Optical  study.4.1.  UV–vis  analysis
he effect of different calcination temperatures on the opti-
al  properties of ZnO nanoparticles were  investigated and areed ZnO nanoparticles calcined at 200 ◦C, 400 ◦C and 500 ◦C.
shown  in Fig. 5. The diffused reﬂectance spectra showed a
sharp  increase at 375 nm and the material had a strong reﬂec-
tive  characteristic after approximately 420 nm for the sample
calcined  at 500 ◦C. This was  due to the high possibility of
reﬂectance for the photons lacking the required energy for
interacting  with electrons or atoms. It was observed that the
absorption  of the ZnO nanoparticles was strongly affected by
the particle sizes. The band gap energies were  determined
using Kubelka–Munk function:
F(R) = (1 − R)
2
2R
(4)
Here (R) is the absolute value of reﬂectance and F(R) is equiv-
alent  to the absorption coefﬁcient. The direct band gap of
ZnO  was estimated by plotting [F(R)·h]2 vs. h (eV). The lin-
ear  part of the Tauc plot was  extrapolated to [F(R)·h]2 = 0 to
get  the direct band gap energy. The obtained bandgap energy
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Fig. 5 – Diffuse reﬂectance spectra of the ZnO nanoparticles
calcined at 200 ◦C, 400 ◦C and 500 ◦C temperatures.
400
0
1
2
3
4
5
6
7
8
9
450 500 550
Wavelenght (nm )
2.64 eV
2.50 eV
Eg= 2.63 eV
Eg=3.22 eV
Eg=3.20 eV
200ºC
400ºC
500ºC
a
b
c
In
te
ns
ity
 (a
.u.
)
600 650 700
Fig. 6 – Photoluminescence emission spectra of ZnO
rnanoparticles calcined at 200 ◦C, 400 ◦C and 500 ◦C.
(Eg) values were  3.23, 3.22 and 3.20 eV as the temperature
increased from 200 ◦C to 500 ◦C respectively. Compared to the
reported  values of bandgap energy of bulk ZnO (Eg = 3.37 eV)
[6],  the optical absorption edge slightly shifted toward longer
wavelength, which may  be attributed to the increase in grain
size  at higher calcination temperatures [26].
3.4.2.  Photoluminescence  analysis
PL spectra of all the samples mainly consist of three emis-
sion  bands as shown in Fig. 6, a strong UV emission band at
3.2  eV, a very weak violet band at 2.97 eV, and a week blue band
at  2.60 eV. The strong UV emission corresponds to the exci-
ton  recombination related near-band edge (NBE) emission of
ZnO.  The violet emission band is due to the recombination
of an electron at the zinc interstitial (Zin) and a hole in the
valance  band [27,28]. The weak blue emission corresponds to
the electron transition from the conduction band to interstitial
oxygen  defects (Oin) in the ZnO. The intensity ratio between
the  near-band-edge UV emission and the visible region is usu-
ally  used to evaluate the quality of ZnO. Photoluminescence
results revealed that the ultraviolet emission peak of the sam-
ples  calcined at higher temperature become sharp and narrow
with  high intensities as compared to visible emission peak.. 2 0 1 4;3(4):363–369
These results essentially agree with the analysis, which results
in  the shift of the optical absorption edge presented above.
Thus,  the red shift of the optical bandgap and improved ultra-
violet  emission at higher calcination temperature improved
crystallinity and reduced defect concentrations in ZnO sam-
ples.
4.  Conclusion
ZnO nanoparticles with average crystallite size of 28–44 nm
were  successfully synthesized via aqueous chemical route.
The  effect of different calcination temperatures on the struc-
tural  and optical properties was  investigated. The XRD results
indicated  that all the samples have pure wurtzite ZnO phase
with  well crystallinity. It was  observed from the calculations
that  with the increase in calcination temperature from 200 ◦C
to  500 ◦C, the strain associated with the samples decreased
with a gradual increase in crystallite size. The average crystal-
lite  size obtained from AFM analysis were in good agreement
with  the results obtained from Scherrer formula based on X-
ray  diffraction analysis. Red shifting in band gap energies from
Eg = 3.23 eV to 3.20 eV with intensive ultraviolet (UV) emission
was  observed with increasing calcination temperature from
200 ◦C to 500 ◦C.
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